The effects of ion irradiation on the microstructural evolution of sol-gel-derived silica-based thin films were examined by combining the results from Fourier transform infrared, Raman, and X-ray photoelectron spectroscopy, Rutherford backscattering spectrometry, and elastic recoil detection. Variations in the chemical composition, density, and structure of the constituent phases and interfaces were studied, and the results were used to propose a microstructural model for the irradiated films. It was discovered that the microstructure of the films after ion irradiation and decomposition of the starting organic materials consisted of isolated hydrogenated amorphous carbon clusters within an amorphous and carbon-incorporated silica network. A decrease in the bond angle of Si-O-Si bonds in amorphous silica network along with an increase in the concentration of carbon-rich SiO x C y tetrahedra were the major structural changes caused by ion irradiation. In addition, hydrogen release from free carbon clusters was observed with increasing ion energy and fluence.
Introduction
Polymer-derived silica-based materials derived from tetraethoxysilane (TEOS), methyltriethoxysilane (MTES) or similar compounds have found different applications including corrosion protection coatings [1] , micro-components of MEMS systems [2] , and ceramic foams [3] . Our previous studies have also revealed the suitability of sol-gel-derived silica-based thin films to be used as mold coatings for fabrication of microstructured optical lenses [4, 5] .
Ion irradiation has been used as an alternative to heat treatment for transforming polymers into inorganic films [6] [7] [8] [9] [10] . The hardness of TEOS/MTES solgel-derived films increased when ion irradiation was used instead of heat treatment for the conversion of the films [11] [12] [13] [14] . TEOS/MTES-derived thin films lose most of their carbon and hydrogen content after heat treatment [15] , and the final product of heat treatment is simply amorphous silica. However, ion irradiation is accompanied by hydrogen loss only and most of the carbon is preserved within the films [16] . The final microstructure of ion-irradiated films consists of an amorphous network of silicon, oxygen, and carbon, where silicon is simultaneously bonded to carbon and oxygen, a structure known as silicon oxycarbide [17] . The preservation of carbon in the films along with amorphous silica opens further possibilities to tailor the properties of the films, as the formation of SiC or carbon-rich SiO x C y tetrahedra is possible [18] [19] [20] . In addition, ion irradiation has been shown to alter the structure and properties of the individual phases of carbon [21] and the amorphous silica network [22] .
The microstructure of silicon oxycarbide materials consists of amorphous phases, yet it possesses heterogeneity which makes the study of these materials difficult [23] . However, understanding the microstructure of ion-irradiated films is important to further enhance the properties of these films and to explore new potential applications. We have recently studied the development of fully inorganic silicon oxycarbide thin films by irradiation of organic-inorganic thin films using MeV Cu ? , Cu 2? , and Cu 3? ion beams [24] . Here, we extend that study to the microstructural characterization of films irradiated with 200 keV H ? and 400 keV N 2? ions. It is expected that ion irradiation with lower energy ions will result in residual hydrogen, and subsequently residual organic bonds, in the films. The presence of residual organic bonds influences optical, electrical, and mechanical properties of silicon oxycarbides and has implications for a range of applications from electro-optical components to thermal barriers [25, 26] . The investigation of the structure of the films irradiated with lower energies can help to advance the application of these films.
Materials and methods
The sol-gel method was utilized to synthesize the thin films. A beaker at room temperature was used to mix 1. For both ion species, the projected ion range was found to be larger than the film thickness, thereby ensuring the conversion of the whole film. The experiments were performed at a relatively low beam current (0.5 lA cm -2 ) which minimizes any thermal effect or heating during ion irradiation. In addition to the ion-irradiated films, two films were created with heat treatment at 500 and 800°C in air for 30 min.
A collimated 3.83 MeV 4 He ? ion beam from an NEC pelletron tandem accelerator was used to perform Rutherford backscattering spectrometry (RBS) experiments using the Cornell geometry where the backscattered ions were detected at a scattering angle of 167°using a silicon surface barrier detector. Elastic recoil detection (ERD) experiments were performed in the IBM geometry using a 2 MeV 4 He ? ion beam with incident angle of 75°. The detection of the recoiled hydrogen atoms was performed at a forward scattering angle of 30°. The combined ERD and RBS results were used to determine chemical composition, as well as the areal density in terms of mass per unit area. The volumetric density was then determined by dividing the areal density by the film thickness.
A confocal microscope was utilized to perform Raman and photoluminescence (PL) spectroscopy using a frequency-doubled 532 nm Nd:YAG laser as the excitation source. A 100X/0.9NA objective was used to focus the light onto the surface. The same objective was used to collect the scattered light, and to focus it on a confocal pinhole, a 100 lm diameter optical fiber. The light was then dispersed and detected by a CCD camera. The presented Raman and PL results are the average of five spectra from different locations on the films. Fourier transform infrared (FT-IR) spectroscopy was performed using an Agilent 680 IR spectrometer with a 4 cm -1 resolution in reflection mode. The average of sixteen individual collections was used for each FT-IR spectrum. The X-ray photoelectron spectroscopy (XPS) spectra were collected using a PHI Quantera SXM scanning XPS microprobe. In order to avoid modification of the films, the experiments were performed without ion etching. The X-ray source was Al-ka (1486.6 eV). Charging correction was achieved by controlled electron irradiation. X-ray diffraction (XRD) experiments were performed using a Cu-Ka X-ray source with a Bruker AXS D8 Discover diffractometer over the 2h range of 10-60°.
Results and discussion
Chemical composition and density of the films Figure 1 shows the atomic concentration ratios of hydrogen, carbon, and oxygen compared to silicon for the H ? and N 2? irradiated films, obtained from ERD/RBS experiments. Both the H ? and N 2? irradiated films exhibit a steady decrease in hydrogen content with increasing fluence. Hydrogen loss during the ion irradiation of polymers is well-known and well-documented [11, 27] . Limited carbon loss is also observed in the irradiated films. It has been reported that, although hydrogen is mostly released as H 2 during irradiation, a small fraction is also released as CH 4 [28] , which might explain the lower concentration of carbon after irradiation. The observed variation in oxygen concentration is due to the absorption of oxygen from the air by free radicals formed during irradiation [28, 29] . The thermal decomposition of TEOS/MTES sol-gel films resultant from heat treatment has been previously studied. It was found that thermal decomposition causes both hydrogen and carbon loss in the films [15] . Carbon is lost after heat treatment at temperatures above 500°C, and the hydrogen concentration decreases steadily during heat treatment. Figure 2 shows the RBS estimated density of the films as a function of fluence for both ion species. 
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There is an increase in density with increasing fluence. For both H ? and N 2? irradiated films, the increase in density mostly follows the general trend of hydrogen loss. The increase in density after irradiation has been previously observed in other solgel-derived ceramic films [30, 31] and is solely related to ion-matter interactions (mostly electronic stopping), and not factors like beam heating of the film during irradiation. The increase in density is accomplished by condensation/cross-linking reactions, structural modification, and bond breaking [30] . In addition, XRD experiments were performed and no crystalline peaks were observed in the diffraction pattern of the films (not shown here). The only observable peak was a broad peak centered around 25°, which is attributed to amorphous silica. Figure 3 shows the reflection FT-IR spectra of the ionirradiated and heat-treated films in the 600-1400 cm -1 range. The results show a continuous decomposition of the starting organic materials, as indicated by the decrease in the intensity of the Si-CH 3 vibrational peak at 1280 cm -1 . After irradiation at the highest fluence with both ion species, no sign of a C-H related peak can be observed. irradiated films and c heattreated films.
Development of an amorphous silica network
Peaks related to Si-O-Si bonds are present in the FT-IR spectra of both the heat-treated and ion-irradiated films between 1000 and 1250 cm -1 . The peaks originating from Si-O-Si vibrational modes are an indicator of the development of the silica network. The transverse optical (TO) peak is the main peak originating from the Si-O-Si bonds, located at 1083 cm -1 for fused silica. The FT-IR peak around 1230 cm -1 is the longitudinal optical (LO) peak, which is an indication of porosity in sol-gel-derived silica-based thin films [32] ; therefore, the ratio of the LO/TO intensity can be used as an indicator of porosity within the films. In addition to the two main peaks, the introduction of carbon into the silica network and the formation of O-Si-C bonds gives rise to an additional peak around 1140 cm -1 [33, 34] . The Si-O-Si bond angle, and subsequently the compaction of the silica network, can be measured from the TO spectral center [35, 36] . A shift in the TO peak spectral center to lower wavenumbers after ion irradiation is expected. The effect of induced defects (introduced vacancies and interstitial atoms and a subsequent structural relaxation) during ion irradiation reduces the Si-O-Si bond angle of silica [37, 38] . The incorporation of carbon within the silica network also shifts the TO peak to lower wavenumbers. This has been explained by a bonding structural model based on the electronegativity of carbon and silicon [39] . In the absence of carbon atoms, the Si-O-Si bond angle in fused silica is 144°. When carbon replaces one of the oxygen atoms in the SiO 4 tetrahedra, the difference between the electronegativity of carbon and oxygen causes a distortion in the tetrahedra, leading to a decrease in bond angle.
The fitted curves for the silica related TO, LO, and O-Si-C peaks are also presented in the figure. In order to study the evolution of the FT-IR peaks, curve fitting was performed using three Lorentzian peaks for the Si-O-Si TO peak, Si-O-Si LO peak, and the O-Si-C peak. The untreated films exhibit distinct TO and LO peaks, which is expected due to the high porosity of the film. The TO peak is located at 1083 cm -1 and the O-Si-C peak is not present. As shown in Fig. 3c , after heat treatment at 500°C, the position of the TO peak shifts to 1051 cm -1 , indicating the incorporation of carbon within the silica network. The O-Si-C peak is also observed after heat treatment at 500°C. The observation of the O-Si-C peak at 500°C heat treatment temperature is most likely related to the formation of free carbon clusters at this temperature and the chemical bonds at the interface of free carbon clusters and the silica phase. After heat treatment at 800°C, most of the carbon within the film is removed. This can be inferred from the lower intensity of the O-Si-C peak and the shift in TO peak position back to 1080 cm -1 . This peak position indicates an average Si-O-Si bond angle of 144°. The intensity of the LO peak decreases after heat treatment at 800°C, because sintering of the amorphous silica network at high temperatures leads to an increase in density.
As shown in Fig. 3a , the FT-IR spectra of the films irradiated with H ? at the lower fluences (10 13 and 10 14 ions cm -2 ) are similar to the untreated film. The O-Si-C peak can be observed only after irradiation with a fluence of 10 16 ions cm -2 , and the TO peak spectral position is still close to the untreated film.
After irradiation with H
? ions with a fluence of 10 16 ions cm -2 , there is a decrease in the intensity of the LO peak as a result of densification. The films irradiated with the highest fluence (2 9 10 17 ions cm -2 ) have a noticeably lower bond angle (139°, as calculated by the TO peak spectral center) and higher OSi-C peak intensity which are indications of a more compact silica network, and the incorporation of carbon within the silica network, respectively. The decrease in the LO peak intensity after irradiation with H
? ions with a fluence of 10 16 ions cm -2 and higher follows the same trend as density (Fig. 2) .
It is seen in Fig. 3b that the N 2? irradiated film with a fluence of 10 13 ions cm -2 is similar to the untreated film. However, after irradiation with a fluence of 10 15 ions cm -2 , there is a shift in the TO peak spectral center to lower wavenumbers and the O-Si-C related peak can be observed, which is again an indication of compaction of the silica network and carbon incorporation within the silica network. There is a decrease in the intensity of the LO peak, related to a decrease in the porosity which is consistent with the density of the films (Fig. 2) . Further incorporation of carbon in the silica network after N 2? irradiation with a fluence of 5 9 10 15 ions cm -2 is observed, as inferred from the higher intensity of the O-Si-C peak. Based on the TO peak spectral center, the Si-O-Si bond angle of this film is estimated as 135°. The results indicate that with increasing ion irradiation fluence and ion energy, the incorporation of carbon within the silica network increases. In addition, the effect of irradiation-induced structural damage, as well as incorporation of carbon within the silica network, decreases the Si-O-Si bond angle and leads to a more compact silica network.
XPS spectroscopy was performed to confirm the results obtained by FT-IR spectroscopy. Figure 4 shows the Si 2p XPS core level spectra of the N 2? irradiated film with a fluence of 5 9 10 15 ions cm -2 , as well as the film heat-treated at 800°C. The Si 2p XPS spectra of the N 2? irradiated film with a fluence of 10 13 ions cm -2 were also collected and are presented in Electronic Supplementary Materials (Fig. S.2) . The binding energy of the Si 2p peak of the N 2? irradiated film with a fluence of 10 13 ions cm -2 is approximately 102 eV, which considering the results from ERD/RBS and FT-IR is an indication of organic Si bonds (e.g., Si-CH 3 ), consistent with the Si 2p peak position of similar organosilicon compounds [40, 41] .
The spectral center of the Si 2p peak in the films with significant inorganic Si bonds (i.e., heat-treated film and the N 2? irradiated film at 5 9 10 15 ions cm -2 ) can be used for an estimation of carbon incorporation within the silica network, as different SiO x C y tetrahedra have different binding energies. The Si 2p peaks of SiO 4 and SiC 4 are located at 103.5 and 100.3 eV, respectively. The Si 2p peaks related to the rest of the tetrahedra (SiO 3 C, SiO 2 C 2 , SiOC 3 ) are positioned between the peaks for SiO 4 and SiC 4 [42] . The shift in the binding energy of the Si 2p peak to lower values is therefore an indication of carbon incorporation within the silica network, as previously confirmed by comparing XPS and NMR results [43] . Comparing the Si 2p spectra of the N 2? irradiated film with a fluence of 5 9 10 15 ions cm -2 and the heat-treated film indicates a shift to lower binding energies for the ion-irradiated film and confirms carbon incorporation within the silica network and an increase in the concentration of carbon-rich SiO x C y tetrahedra.
Characterization of free carbon clusters
Raman spectroscopy was performed to evaluate the free carbon clusters within the films. After ion irradiation with higher fluences, films exhibit the carbon Raman D and G modes. Raman spectra of the films which show the carbon Raman modes are presented in Fig. 5 observed. After heat treatment at 500°C, both D and G modes are also present. This is an indication of free carbon formation during heat treatment. However, after heat treatment at 800°C, the carbon Raman modes disappear, which is consistent with the thermal decomposition of TEOS and MTES [15, 44] , as the final product of the thermal decomposition is simply an amorphous silica network. The disappearance of carbon Raman modes after heat treatment at 800°C is also consistent with the decrease in the FT-IR O-Si-C peak intensity and the shift in the position of the silica FT-IR TO peak, as shown in Fig. 3 . In order to identify the nature of free carbon in the films, in particular the sp 2 /sp 3 ratio and the size of the free carbon clusters, curve fitting was performed on the Raman spectra of the films using Gaussian peaks for the D and G Raman modes. Background subtraction was performed assuming a linear background originating from luminescence due to the presence of hydrogen in the carbon clusters [45] . The free carbon formed in the H ? irradiated films has a similar Raman response for all fluences, where the G mode spectral center is located around 1580 cm is also similar to that of the H ? irradiated films. However, the N 2? irradiated film with a fluence of 5 9 10 15 ions cm -2 exhibits a lower G mode spectral ion-irradiated films.
center (1560 cm -1 ) and higher peak width. Following the procedure developed by Ferrari and Robertson [46] , the spectral center of the G mode and the intensity ratio (I(D)/I(G)) can be used to estimate the sp 2 /sp 3 ratio and disorder of the carbon clusters.
Based on the spectral center of the G mode and intensity ratio of the D to G modes (I(D)/I(G)), it can be stated that in all of the irradiated films, the free carbon consists of highly disordered and almost entirely sp 2--bonded carbon with a cluster size of less than 20 Å . The lower spectral center and higher peak width of the G mode in the Raman response of the N 2? irradiated film with a fluence of 5 9 10 15 ions cm -2 is an indication of a higher level of disorder in the graphite six-fold rings. The nature of the free carbon formed during heat treatment is different from the free carbon formed during irradiation. The Raman spectrum of the film heat-treated at 500°C exhibits a I(D)/I(G) intensity ratio of 1.75 and a G mode spectral center of approximately 1600 cm -1 . Again, following the procedure developed by Ferrari and Robertson [46] , these are indicators of nanocrystalline graphite with an average cluster size of larger than 20Å.
For highly disordered carbon with small cluster sizes (B20Å), the cluster size can be estimated from the following:
where C 0 k ð Þ is a constant related to the laser excitation wavelength k, and L a is the cluster size [46] . For a 532 nm laser, C 0 (532 nm) has not been reported. Knowledge of this value is required in order to estimate the size of carbon clusters in the ion-irradiated films. The following approach is taken to estimate the value of C 0 (532 nm).
For larger clusters (L a [ 20ÅÞ, the cluster size can be estimated from.
where C k ð Þ is a constant related to the laser wavelength and can be estimated from the following [47] :
where C 0 and C 1 are constants with values of -126 and 0.033, respectively [47] . For a 532 nm laser, C(532) can then be estimated as 50 Å . Knowing the value of C(532 nm) for larger cluster sizes and assuming continuity between Eqs. (1) and (2), C 0 (532 nm) is estimated to be 0.006. Based on this value, the average cluster size for all of the irradiated films is estimated from Eq. (1) to be around 1.3 nm. No variation in the size of the carbon clusters is observed between the different irradiated films. The crystallite size of graphite in the heat-treated film is estimated from Eq. (2) to be around 2.8 nm. The same procedure has been utilized previously to estimate Figure 5 Raman spectra of the ion-irradiated and heattreated films that exhibited carbon related Raman D and G modes.
the value of C 0 (514 nm) and the validity of the method, as well as the assumption regarding the continuity of the two equations has been confirmed [46, 48] .
Although after irradiation, even at the highest fluences, there is considerable residual hydrogen left within the films (Fig. 1) , there is no sign of any hydrogen-related modes in the Raman and FT-IR spectra of the films irradiated at the highest fluences. One possibility is that following the decomposition of the CH 3 groups, individual C-H bonds are still present within the microstructure [29] . In order to test this hypothesis, the PL spectra of the ion-irradiated films that exhibit carbon D and G modes were collected, and are presented in Fig. 6 . The observed peaks between 550 and 600 nm are carbon related D and G Raman modes. In addition, the peak observed between 625 and 650 nm is the second order Raman mode of amorphous carbon [46, 49] . No C-H related mode is observed in the FT-IR and Raman spectra of any of these films. However, there is a broad peak centered on 650 nm in the PL spectra of all the films, which is an indication of hydrogenation of the carbon clusters. This PL emission is reportedly due to electron hole pair recombination within sp 2 -bonded carbon [45] . The introduction of hydrogen to carbon increases the intensity of this peak, primarily due to the saturation of non-radiative recombination sites (i.e., dangling bonds) by hydrogen [50] . The intensity of this peak decreases with the decrease in hydrogen content, further confirming that it has originated from hydrogenated carbon clusters. Therefore, the presence of this broad peak is an indication that residual hydrogen is present in the carbon clusters, as individual C-H bonds.
Microstructural configuration of the ionirradiated films
There is agreement between the Raman and FT-IR spectroscopy, XPS and ERD/RBS results. The appearance of the carbon Raman modes occurs at the same fluences that a significant hydrogen loss and incorporation of carbon into the silica network is observed. It can be concluded that, after hydrogen release during ion irradiation, carbon atoms either bond with other carbon atoms to form free carbon clusters, as inferred from the Raman results, or bond with silicon, as evident in the FT-IR and XPS results, to form carbon-rich SiO x C y tetrahedra at the interface of carbon and silica. Previous studies on heat-treated silicon oxycarbide materials suggested two models for the microstructural configuration of carbon and silica: either an interconnected network of graphene or turbostratic carbon with silica nanodomains [51, 52] or a silica network with isolated free carbon clusters [23, 53] . In most cases, ion irradiation and ion implantation have led to the synthesis of isolated secondary nanoparticles within a matrix [54, 55] . Scanning probe microscopy (SPM) images has shown that the ion irradiation of polymers has led to the formation of isolated surface features ranging in size from 25 to 70 nm [56] . In addition, the formation of isolated clusters of free carbon with an average size of 4 nm in silicon oxycarbide films which were irradiated with heavy ions was confirmed by TEM results [57, 58] . Ion irradiation in the current study was performed using less energetic ions that for previous studies [56] [57] [58] . However, considering that the formation of an interconnected carbon network by ion irradiation depends on the total deposited energy during ion irradiation [59] , it can be safely assumed that the formation of an interconnected carbon structure in the current study is also unlikely and that the structure is composed of a silica matrix with isolated free carbon clusters. Based on the ERD/RBS, XPS, and Raman, FT-IR, and PL spectroscopy results, a microstructure model for the ion-irradiated films is proposed and is Figure 6 Photoluminescence spectra of ion-irradiated films which contained free carbon clusters. The peaks between 550 and 600 nm and 625 and 650 nm are carbon Raman modes.
presented schematically in Fig. 7 . Figure 7a shows ions with a fluence of 5 9 10 15 ions cm -2 is presented in Fig. 7b • Both ion irradiation and heat treatment led to the decomposition of the starting TEOS/MTESderived gel and hydrogen loss. However, unlike heat treatment, ion irradiation preserved most of the carbon within the films.
• With increasing ion fluence, there was a monotonic decrease in the porosity of the films, as inferred from both FT-IR and ERD/RBS results. The FT-IR and XPS results also pointed to incorporation of carbon in the silica network and the formation of carbon-rich SiO x C y tetrahedra with increasing fluence.
• Because of the irradiation-induced structural modification and the incorporation of carbon within the silica network, the Si-O-Si bond angle of the amorphous silica network decreased after ion irradiation.
• Raman spectroscopy revealed the formation of free carbon clusters from both ion irradiation and heat treatment. The amorphous free carbon clusters formed from ion irradiation were smaller in size and more defective than the nanocrystalline graphite formed from heat treatment.
• Hydrogen loss during ion irradiation resulted in the decomposition of all starting methyl groups. However, even after irradiation at the highest fluences, there was still residual C-H bonds in the films. These bonds, however, were not a part of a methyl group and were individual C-H bonds within the free carbon clusters.
• Based on the RBS/ERD, XPS, and PL, FT-IR, and
Raman spectroscopy results, it was suggested that the microstructure of the films consisted of an amorphous silica network and isolated and hydrogenated carbon clusters. Silicon at the interface of silica and the free carbon clusters was bonded to both carbon and silicon. The free carbon clusters were highly disordered and had an average size of less than 2 nm.
• Table 1 summarizes the observed differences between the H ? and N ?2 irradiated films after irradiation at the highest fluence along with the heat-treated films after heat treatment at 800°C. 
Conclusions
The microstructure and chemical composition of solgel-derived thin films were studied by a combination of ERD/RBS, XPS, and PL, Raman, and FT-IR spectroscopy. Ion irradiation was able to transform the films into a silicon oxycarbide structure. With increasing ion irradiation fluence, there was a decrease in hydrogen content, accompanied by the formation of free carbon clusters and a decrease in the Si-O-Si bond angle of the silica network. In addition, increasing the fluence led to the incorporation of carbon within the amorphous silica network. Compared to heat-treated films, the free carbon clusters in the ion-irradiated films were more damaged and smaller in size. Residual hydrogen was present in the films after ion irradiation; however, it was not part of a methyl group and was stored in the free carbon clusters. 
